. At room tem-‫001-03ف(‬ Hz), which are a characteristic feature of the perature, these oscillations can be in the beta frequency awake brain during attention, have been proposed to range as defined in vivo ‫03-51ف(‬ Hz), but fall clearly in provide a temporal structure for various cognitive prothe gamma frequency band when recorded at or above cesses, including sensory binding (Singer, 1993 oriented across the different layers of hippocampal CA3 septum/diagonal band of Broca, which plays a permissive role in the generation of hippocampal network activ-(see Figure 1A) . Application of 25 M carbachol induced persistent oscillations that could be recorded in all layity (Leung, 1985 ; but see Lee et al., 1994) . To elucidate the cellular and synaptic mechanisms underlying gamma ers of the CA3 ( Figure 1B) , with a mean frequency of 18.9 Ϯ 0.5 Hz at room temperature and a mean peak frequency "current" and "rhythm" generation within the hippocampus, we analyzed fast network oscillations power of 55 Ϯ 18 V 2 /Hz (n ϭ 25; see Figure 1C ), and often could be amplitude modulated at low frequencies in vitro, using a combination of field recordings with planar multielectrode arrays, imaging with voltage-sen-(1-2 Hz; 11 of 25 slices; Figure 1D ). The carbachol-induced fast network oscillations were completely blocked by the sitive dyes (VSD), and recordings from individual pyramidal cells and interneurons. Our data demonstrate that selective mAChR antagonist atropine (n ϭ 12; Figure  1C ). cholinergically induced fast network oscillations are mediated by rhythmic perisomatic inhibition, which is synThe phase of the carbachol-induced oscillations reversed steeply across the stratum lucidum of the CA3 chronized by recurrent synaptic excitation.
subfield ( Figure 1B) , with oscillations in the stratum pyramidale and distal stratum radiatum being radians (180 Results degrees) out of phase ( Figure 1D ). Such phase reversal is expected, as changes in the extracellular field potential Muscarinic Receptor Activation Induces Fast Network Oscillations in the CA3 Region predominantly reflect the flow of currents in circuits along the somatodendritic axis of pyramidal cells. To of the Hippocampus To monitor field potentials, hippocampal slices were analyze the mechanisms underlying these currents, peak-to-peak cycle averages were calculated for the mounted on 8 ϫ 8 planar multielectrode arrays with 100 fast network oscillations (see Experimental Procedures). Such calculation of cycle averages assumes that the oscillation is stable and persistent. Consequently, the time-frequency characteristics of fast network oscillations were analyzed using wavelet analysis (Morlet wavelet, 0 ϭ 6), which does not assume stationarity and is sensitive to discontinuities (Torrence and Compo, 1998). The wavelet magnitude spectrum revealed that the oscillation frequency was stable over time and that the oscillation amplitude often showed low-frequency modulation ( Figure 1E) , consistent with the results from the Fourier power spectrum and autocorrelation analysis (see Figures 1C and 1D ). Peak-to-peak averaging was therefore justified, and the resulting cycle averages fitted closely to the recorded responses (mean period, 48.2 Ϯ 1.3 ms; Figure 1F ).
Distribution of Current Sinks and Sources in the CA3 Region during Fast Network Oscillations
To accurately localize the sinks and sources of extracellular currents within the CA3, current-source density (CSD) profiles were constructed from cycle averages (Mitzdorf, 1985) . CSD analysis of gamma oscillations in the hippocampus in vivo has been performed mainly in one dimension (1D) across the strata, assuming that extracellular currents orthogonal to the recording probe have a minimal effect on the spatial sink/source profile (see Holsheimer, 1987 ). This might not necessarily be justified in the centripetally organized CA3, so we started by comparing 1D and 2D CSD profiles. Both CSD meth- only for qualitative comparisons, 1D and 2D CSD were (B) Examples of peak-to-peak cycle averages from the stratum pyraconsidered interchangeable. midale (#35) and distal stratum radiatum (#38), which were used to construct CSD profiles. Scale bars, 20 V and 10 ms. in the stratum radiatum could reflect somatic excitation and/or dendritic inhibition. To elucidate the active events, CSD analysis was combined with imaging using a neuronally selective voltage-sensitive dye, Di-4-ANEPPS membrane voltage changes that varied significantly across the CA3b somatodendritic axis [RM ANOVA, (Tominaga et al., 2000) , to reveal the voltage changes accompanying the extracellular currents. It was found F (1.9, 46.1) ϭ 13.2, p Ͻ 0.001]. These changes were most prominent in the stratum pyramidale (pyramidale versus that current sinks in the stratum pyramidale with corresponding sources in the distal stratum radiatum were distal radiatum; ⌬F/F ϭ 6.2 Ϯ 1.0 versus 3.8 Ϯ 0.6 ϫ 10 Ϫ5 ; p Ͻ 0.001; see Figure 3Bi ). The maximum rate of followed by depolarization in the perisomatic regions of CA3 pyramidal neurons, which then propagated into the increase in fractional fluorescence in the stratum pyramidale preceded that in the stratum radiatum by 0.5 Ϯ apical dendrites ( Figure 3A) . The opposite sink/source pair preceded a hyperpolarization at perisomatic sites, 0.1 radians (28.6 Ϯ 6.6 degrees; 4.0 Ϯ 0.9 ms) (statistical analysis performed on delays relative to peak field powith a subsequent hyperpolarization in the apical dendrites ( Figure 3A ). This pattern was consistent over all tential in distal radiatum; p Ͻ 0.001; see Figure 3Bii ). The maximum negative change in the optical signal oc-25 slices tested ( Figure 3B) , with changes in fractional fluorescence during fast network activity, representing curred in the stratum pyramidale (0.6 Ϯ 0.1 radians, It was perhaps unexpected that no active current oscillations, revealed by imaging with voltage-sensitive dyes, were almost synchronous across the CA3 pyramisinks/sources were observed in the stratum radiatum during fast network oscillations. To confirm that VSD dal cell layer ( Figure 3A) . Quantitatively, however, there were small, but significant, phase differences between imaging could detect a synaptically driven change of membrane potential in the dendritic membrane, we rethe different CA3 subsegments 4Ci ). Indeed, VSD imaging showed that the current sink treme points in CA3a and CA3c was 0.6 radians (31.9 degrees; 4.5 ms) over a distance of approximately 2 produced in the stratum radiatum by extracellular stimulation was followed by dendritic depolarization, as exmm. This result represents an average feature of the oscillation and does not suggest that the oscillation is pected (Figure 4Di ). In contrast, the current sink in the stratum radiatum during fast network oscillations was exclusively generated in CA3a, as in some slices, rather than lagging, the CA3b/CA3c led the CA3a. Moreover, followed by membrane hyperpolarization in both the stratum pyramidale and stratum radiatum ( . This is an order of magnitude greater than the mean depolarization (red), and current sources (blue) were followed by hyperpolarization (blue). The membrane voltage changes spread into the dendrites, but there was no apparent membrane polarization associated directly with the current sinks/sources in the distal stratum radiatum. (B) Averages of VSD signals across slices in the stratum oriens (oriens), stratum pyramidale (pyr), proximal and distal stratum radiatum (p. rad and d. rad, respectively), and stratum lacunosum-moleculare (lm). The signals were normalized to those recorded in the distal stratum radiatum. The bilinearly interpolated, average, normalized VSD signal is presented, with the average peak-to-peak field oscillation in the distal stratum radiatum shown for reference. (Bi) The largest amplitude VSD signal was consistently observed in the stratum pyramidale, with the amplitude gradually decreasing with distance into the dendritic layers. (Bii) Maximum slopes of the VSD signal measured relative to the peak electrophysiological signal in the distal stratum radiatum. The maximum increase in the VSD signal in the stratum pyramidale occurred very shortly after the peak distal stratum radiatum field potential and after a delay in the dendritic layers. The VSD signal in the stratum lacunosummoleculare sometimes occurred prior to that in the distal stratum radiatum, but was highly variable even after normalization. (Biii) Maximum negative slope of the VSD signal also occurred initially in the stratum pyramidale and later in the dendritic layers, but the signal in the stratum lacunosum-moleculare was more consistent with passive spread of the membrane potential changes. (n ϭ 25; *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001 in comparison with distal stratum radiatum; RM ANOVA, followed by within-subjects contrasts). (C) Delay in the maximum negative slope of the VSD signal normalized to the delay at a central point in CA3b. On average, there was a significant linear delay in the VSD signal from CA3a to CA3c, and a linear fit is plotted with a lag of 0.6 radians across approximately 2 mm. Where possible, the delays in the VSD signals in the CA1 relative to the same signal in CA3b were also measured, showing a linearly increasing lag of 0.4 radians per 100 m. For each slice, the delays were measured at equidistant points around the CA3, and the average distance between these points is given.
Perisomatic Currents Are the Active Events
[95% confidence limits]). Such a skewed distribution of firing probability is consistent with the firing rate of the pyramidal cell population increasing as the current sink in the stratum pyramidale develops and promptly shutting off as the current source is initiated (see Figures  5D and 5F ). To explore the membrane polarizations underlying these discharge probabilities, cycle averages of the pyramidal membrane potentials were constructed, excluding periods containing action potentials and the following two cycles (Figures 5D and 5E ). The membrane potential was found to closely follow the field oscillation in the stratum pyramidale, with a mean delay in the peak membrane potential of 0.3 radians (14.6 degrees) ( Figure  5G ). Thus, both the discharge probabilities and membrane potential oscillations of CA3 pyramidal neurons are consistent with the network events suggested by the combination of CSD and VSD analysis.
Perisomatic-Targeting Interneurons Fire after Pyramidal Neurons during Fast Network Oscillations
The most likely explanation for the active source in the stratum pyramidale during fast network oscillations, accompanied by hyperpolarization of pyramidal cells and a rapid curtailment of their discharge rate, is rhythmic perisomatic inhibition. To test this hypothesis more directly, extracellular unit recordings were obtained from perisomatic-targeting interneurons in the CA3, which 
Fast Synaptic Transmission in the Stratum Radiatum Is Not Required for Oscillogenesis
The apical dendrites of pyramidal neurons receive recurrent excitation and feedback inhibition, so how do these dendritic currents contribute to oscillogenesis and the generation of the field potential? This question was addressed through local blockade of synaptic transmission in the strata radiatum and lacunosum-moleculare. The efficacy of local antagonist application was assessed by the effects on responses to extracellular stimulation in the stratum radiatum. Local application of 12.5 mM GYKI 53655 reduced the negative peak of the fEPSP across the stratum radiatum by 95% Ϯ 2%, yet subsequent bath application of 25 M carbachol still induced fast network oscillations (16.1 Ϯ 0.9 Hz; n ϭ 3; Figure 7A ). ; paired two-sample t test on log power; p Ͻ 0.05, n ϭ 3). Local application of 100 M gabazine in the stratum radiatum increased the negative peak of the fEPSP by 33% Ϯ 6% (n ϭ 5), which appeared to represent near-maximum blockade of local phasic inhibition; additional application of carbachol induced fast network oscillations in 3 out of 5 slices (19.5 Ϯ 2.8 Hz; Figure 7A ) and large-amplitude ‫3ف(‬ Hz) epileptiform discharges in the other two slices. The fast network oscillations were blocked by further perisomatic application of gabazine (77.2 Ϯ 25.6 versus 4.9 Ϯ 1.7 V 2 ; p Ͻ 0.05, n ϭ 3) ( Figure 7A) .
These results suggest that synaptic inputs to the apical dendrites of pyramidal neurons are not necessary for oscillogenesis. Indeed, local application of 1 mM tetrodotoxin (TTX), which reduced the negative peak of the fEPSP by 97% Ϯ 1%, did not prevent the subsequent induction of network oscillations (12.5 Ϯ 2.7 Hz; power area in 5-45 Hz band, 51.2 Ϯ 14.5 V 2 ; n ϭ 3; Figure 7A ). However, these oscillations appeared to have slightly different properties from those recorded under control conditions, and, to further investigate such effects, TTX was applied in the strata radiatum and lacunosummoleculare after oscillations had been induced. It was found that local application of TTX significantly reduced the oscillation frequency (16.1 Ϯ 1.9 versus 10.5 Ϯ 1.4 Hz; paired two-sample t test; p Ͻ 0.05, n ϭ 5) and changed the waveform (Figures 7B and 7C ; see Supplemental Figure S3 for details [http://www.neuron.org/cgi/ content/full/45/1/105/DC1/]), but the oscillations remained associated with alternating sink and source pairs in the stratum pyramidale and distal stratum radiatum ( Figure 7D ). In one experiment, it was confirmed that additional perisomatic application of TTX abolished all oscillatory activity. Therefore, currents in the stratum radiatum/lacunosum-moleculare appear to elaborate the principal oscillatory events at perisomatic sites. 8B-8D) . Therefore, fast synaptic excitation appears to be necessary for interneuronal synchronization.
Fast Synaptic Excitation of Both Pyramidal Neurons and Interneurons Is Necessary for BetaGamma Frequency Rhythmic Inhibition
To test whether such AMPA receptor-mediated excitation is also required for the recruitment of inhibition, extracellular unit recordings were obtained from five anatomically identified perisomatic-targeting interneurons. Application of 10-25 M GYKI 53655 had no significant effect on firing rate (8.8 Ϯ 1.1 versus 7.3 Ϯ 1.2 Hz; paired t test, n ϭ 5) ( Figure 8E ), demonstrating that these interneurons can fire independently of fast synaptic excitation. However, the initial degree of phase coupling appeared to be positively correlated with the extent to which AMPA receptor-mediated excitation determined this interneuronal firing pattern, as measured by the effect of GYKI 53655 on both the ISI mean (n ϭ 5, r ϭ 0.66, not significant) and ISI mode (n ϭ 5, r ϭ 0.65, not Elucidating the mechanisms underlying current and plitude and/or targets both the apical and basal denrhythm generation of intrahippocampal gamma oscilladrites. In fact, it has been reported that the majority of tions is necessary in order to understand both how indiboutons from pyramidal cells in CA3 are found in the vidual cell types process the collective network input stratum oriens (Sik et al., 1993) . Thus, it is likely that and also identify the functional processes that this much of the synaptic excitation occurs in the basal denrhythm could support. With its predominantly perisodrites. This recurrent excitation is important for the dematic location, the source of hippocampal gamma oscilpolarization of pyramidal neurons ( Figure 8A ) in conjunclations appears to control primarily the output of hippotion with intrinsic tonic conductances (Fisahn et al., campal pyramidal neurons. Such a mechanism might 2002), which might explain why carbachol-induced fast permit the dendritic integration of inputs that are not network oscillations are generated in the CA3 and not phase coupled to the intrahippocampal oscillation. Furin the CA1 (Figure 3; Fisahn et al., 1998) . thermore, since gamma frequency rhythmic inhibition Evidence from both in vitro and in vivo studies supappears to be synchronized by the firing of the pyramidal ports the hypothesis that fast network oscillations are neurons themselves, hippocampal gamma oscillations driven by perisomatic inhibition (Figure 6) 
